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Abstract 
The Fire Dynamics Simulator (FDS) code is used to investigate fire induced and heat driven flows in typical shafts. Results of the fire 
induced and the heat driven flows in a shaft show good agreements with the experimental data. Then, flows induced by a fire and by a 
heater in four different shafts are investigated. The simulation results give details of the flow fields from the initial to the fully developed 
stages. Although the fire induced flow pattern is similar to that of the heat driven flow, the former is much stronger with more vortices in 
the flow field. The temperature of the fire induced flow is also much higher than that of the heat driven flow. Furthermore, numerical 
results show that the different openings of the shafts have remarkable effects on the flow patterns in the shafts.  
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
CS Smagorinsky model constant 
I radiation intensity (W/m2 ) 
K turbulent kinetic energy (m2/s2 ) 
ksgs sub-grid turbulent energy (m2/s2 ) 
ui velocity in the i-th direction (m/s) 
T temperature (K) 
Greek symbols 
ε sgs sub-grid turbulent energy dissipation rate (m
2/s3 ) 
μ dynamic viscosity (kg/m s) 
ρ density (kg/m3 ) 
τ ij sub-grid Reynolds stress (N/m
2 ) 
1. Introduction 
Fire induced flow is the most basic phenomena in research of fire dynamics. Many researchers have studied flows in 
open pool fires and compartment fires. Although vertical enclosures such as stairwells, ventilation shafts or elevators are 
common structures in modern buildings, fire research for them is still limited. With the development of economy in recent 
years, many tall buildings are constructed in major cities. The many stairwells and elevator shafts in these buildings have 
potential risks of the so-called “stack effect”. When a fire occurs, flame and smoke spread easily vertically to other parts of 
the building, and the fire-generated smoke may spread to locations far away from the original fire.  
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Until now only limited studies related to the phenomena of fire induced flows in shafts have been reported. Tanaka and 
Kumai [1] studied experimentally fire induced flow from a methane fire in several open vertical shafts and measured 
temperature and pressure distributions in shafts with a large variation of heights and heat release rates. Compared with the 
more complex fire experiments, research on heat driven buoyancy flow in vertical enclosures has received more attention. 
Mercier and Jaluria [2] carried out an experimental study on flow patterns in three typical open vertical shafts with different 
bottom inlet conditions. Their results showed that different opening conditions and inlet velocities have great influence on 
the flow pattern in the shaft. In the field of building ventilation and thermal environment simulation, Kazansky et al. [3] 
presented experimental results and numerical simulations of chimney enhanced natural convection from a vertical plate. 
Their study dealt with natural convection heat transfer from an electrically heated vertical plate. Experimental and 
numerical results indicated that the overall mass flow rate through the chimney increases with the height of the chimney. 
Peppes et al. [4] investigated both experimentally and numerically the buoyancy driven airflow through a stairwell 
connecting two individual floors of a residential building. Their research focused on the heat and mass transfer between the 
two floors. They provided predictions of heat and mass flow rate as a function of the inter-zone average temperature 
difference. Reynolds [5] and Zohrabian et al. [6] also conducted natural convection experiments in a reduced scale model of 
a typical stairwell. 
The above investigations are very useful for the understanding of the phenomena of fire induced smoke flow in vertical 
enclosures. However, fire is very complex due to the combustion and the complicated heat release procedure. The 
relationships between the fire induced flows and the heat driven flows need to be investigated comprehensively. 
This paper presents numerical results, by mean of large eddy simulation, of the flow patterns induced by a fire and a 
heater in a shaft for four different configurations. The height of the shaft is 3.0 m, and the cross section of the shaft is a 
square with width 0.8 m. Type A has only one vent at the top of shaft. Type B also has only one vent (0.2 m wide and 0.4 m 
high) located at the sidewall near the bottom of the shaft. Type C has two vents, one at the top and the other at the sidewall 
near the bottom. Type D has two vents, one at the sidewall near the bottom of the shaft and the other at the same sidewall 
near the top (0.2 m wide and 0.4 m high; with a distance of 0.2 m from the top exit of the shaft). The fire source and heater 
source of the same power of 2 kW are placed in the middle region at the bottom of each shaft, respectively. 
2. Mathematical model 
When investigating a fire process, detailed experimental data on the hydrodynamics of fire spread and smoke movement 
are difficult to be obtained. Mathematical modeling and numerical simulation therefore have a great advantage in predicting 
such a fire process. In general, there are three kinds of mathematical models depending on the level of information of the 
fire. Although different models exist [7], the field model based on computational fluid dynamics, computational heat 
transfer and computational combustion technologies, is useful for predicting the characteristics of fire spread and smoke 
movement. In this paper, the Fire Dynamic Simulator (FDS) code has been used to predict the fire induced and the heat 
driven flows in shafts based on large eddy simulation (LES). Detailed information can be found in McGrattan et al. [8]. 
In LES, the sub-grid Reynolds stresses and sub-grid turbulent heat fluxes can be modeled using the Smagorinsky model 
[9] and the simplified Boussinesq approximation: 
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, and sC  is the sub-grid scale model coefficient, which is flow dependent and 
different values over a range from 0.1 to 0.25 for various flow fields have been proposed. In this paper, sC  is given as 0.2 
which is used mostly for indoor airflow conditions. Another coefficient is sub-grid scale turbulent Prandtl number ( Prt ), 
which is normally determined by empirical correlation within the ranges of 0.2−0.9. For indoor airflow conditions, 
Murakami [10] suggested to use Pr 0.5t = . The grid filter width is determined by ( )
1
3x y zΔ = Δ Δ Δ , ,    and  x y zΔ Δ Δ  are grid 
sizes for different coordinate directions, respectively. 
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As for combustion model, a mixture fraction model is adopted. The mixture fraction is a conserved quantity representing 
the fraction of material at a given point that originated as fuel. The relationship between the mass fraction of each species 
and the mixture fraction are known as “state relations”.  
Assuming that the heat release rate is directly proportional to the oxygen consumption rate, the local heat release rate per 
unit volume can be determined from the local oxygen consumption rate at the flame surface as originally proposed by 
Huggett [11] as 
c O Oq H m= Δ ,                                                                                   (3) 
where OHΔ  is the heat release per unit mass of oxygen consumed, and Om  is the oxygen consumption rate. 
For the heat driven flows, radiation could be neglected as both nitrogen and oxygen are all two-atom gases with very 
small absorption coefficients. For most of the fire scenarios, it is possible to assume that the hot smoke behaves as a grey 
medium. The radiative transport equation (RTE) for a non-scattering grey gas is  
( ) [ ], ( ) ( , ) ( , )bs I x s k x I x s I x s⋅∇ = − ,                                                              (4) 
where ( , )I x s  is the radiation intensity, s is the unit normal direction vector and the source term is due to the blackbody 
radiation, 4bI Tσ π= . The wall boundaries are assumed to be diffusive and grey. Absorption coefficient ( )k x  is calculated 
using RADCAL narrow-band model of Grosshandler [12]. The radiative heat loss term in energy equation is 
( ) [ ]
4
( ) ( ) 4 ( ) ,   ( , )r bq x k x U x I x U(x) I x s dππ−∇⋅ = − = Ω .                                             (5) 
3. Results and discussions  
3.1. Discussion on turbulent energy 
The basic idea of LES is to simulate the larger scale of motion of the turbulence while approximating the smaller ones. 
The larger eddies contain most of the energy and have major effect on mean flow, while the smaller eddies are more 
universal and easier to be modeled. However, there is no definite limit between large and small eddies. For smaller 
computational grid sizes, the sub-grid scale model would be universal, but inevitably would require more computational 
resources. Although Zhang et al. [13] as well as Ma and Quintiere [14] have investigated the effect of grid sizes for large 
eddy simulations related to fire research, they failed to consider the turbulent energy variation. In order to verify the 
rationality of large eddy simulation, the proportion of the sub-grid turbulent energy and the total turbulent kinetic energy are 
investigated in a fire induced flow. 
The sub-grid turbulent kinetics sgsk  could be obtained by solving the following equation: 
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where P is the production term and D is the dissipation term. 
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 The turbulent viscosity is determined by 1/22 ( )T sgsC kμ ρ= Δ . The constants of C1 and C2 are given as 0.916 and 0.2, 
respectively. Actually, to solve an additional equation will cost more CPU-time than before. It is advisable to get the sub-
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grid turbulent kinetics algebraically from resolved variables. According to results of Yoshizawa [15], the sub-grid 
dissipation rate and sub-grid turbulent energy could be respectively defined as 
2 /sgs T ij ijS Sε μ ρ= ,                                                                           (10) 
and 
2/3 2 30.66sgs sgsk ε= Δ .                                                                          (11) 
Then, two calculated methods of the sub-grid turbulent kinetics sgsk  could be obtained by solving the governing equation 
of Eq. (6) or the algebraic correlation of Eq. (11). The turbulent kinetic energy is calculated by ( )'2 ' 2 ' 20.5 i j kK u u u= + + , 
where 'iu , 
'
ju , 
'
ku  are fluctuation velocities for different coordinate directions, respectively. 
Experimental results of Tanaka and Kumai [1] on the fire plume in a shaft are used to study the rationality of the large 
eddy simulation method. A 2 kW methane fire source is placed in the center of the base. The burner adopted is a square 
(0.06 m × 0.06 m) with area equal to the circular burner of the original experiment. Hasemi et al. [16] showed 
experimentally that square or round fire burners have little effect on the characteristics of the fire plume. The computational 
domain is 0.8 m × 0.8 m × 3.2 m. The grid sizes adopted here in the three directions (x, y, z) are 1 cm, 1 cm and 2 cm, 
respectively. Fig. 1 and Fig. 2 show the simulated sub-grid turbulent energy and turbulent kinetic energy distributions in 
shaft A. From Fig. 1, it can be seen that the sub-grid turbulent energy distributions at level of Z = 0.5 m is of little difference 
between two calculation methods. This indicates that it is suitable for choice of Eq. (11) to calculate the sub-grid turbulent 
energy distributions. From the two figures we can see that both kinds of energy are high in the middle region at the lower 
part of the shaft due to strong turbulence there. Along the flow direction, they all decrease quickly and become almost 
uniform in the cross section. Results also show that the sub-grid turbulent energy is less than 10% of the turbulent kinetic 
energy in the lower region of the shaft. While at the positions far away from the fire, the proportion is less than 5%. 
Therefore, it can be concluded that the filter scale is appropriate for the present LES and more than 90% turbulent energy 
are captured. 
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Fig. 1. Sub-grid turbulent energy distributions in the type A shaft. Fig. 2. Turbulent kinetic energy distributions in the type A shaft. 
3.2. Validation of numerical method 
In order to verify the capability of large eddy simulation to predict the fire induced flow, Fig. 3 shows results of the 
temperature distributions near the wall of the shaft together with experimental data of Tanaka and Kumai [1]. Three kinds of 
grids are used. For the coarse grid, 27 × 27 × 64, predictions are much higher than measurements. For the grid of 80 × 80 × 
160, the calculated results are a little higher than those of measurements at the center of the shaft, while the discrepancy is 
very small at other locations. For the grid of 90 × 90 × 160, the results are a little better in the lower region of the shaft. Fig. 
3 also shows that a higher Prt number will obtain much higher temperature predictions. Fig. 3 also shows the near wall 
temperature distributions of the type A shaft when a heater is located at the bottom of the shaft. Although the heat release 
power is the same as the fire (2 kW), the temperature of the heat driven flow is much lower than that of the fire induced 
flow. The main reason is that the temperature of combustion flame in the space is much higher than that of the heater 
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located at the bottom of the shaft, and convection induced by the fire is much stronger than that of the heat driven flow. The 
heat exchange between the wall and the hot gas is large for the fire induced flow. In addition, radiative heat transfer is much 
stronger for the fire induced flow due to high combustion temperature. 
In order to verify the ability of LES method for simulating the heat driven buoyancy flow in a shaft, numerical simulation 
is carried out under the conditions as those experiments of Kazansky et al. [3]. The experimental chimney is 0.75 m high, 
and 0.1 m by 0.18 m in cross section. In the experimental study, the chimney was placed on the top of a big box from which 
air could enter the chimney. A vertical heated plate (5 mm thick, 0.12 m wide and 0.15 m high) with heat power 40.5 W was 
placed symmetrically in the central region at the bottom of the chimney. In the simulation, Cs is given as 0.2, and Prt is 
given as 0.5. Fig. 4 shows the predicted temperature distributions together with the experimental data along the central line 
of the chimney. It can be seen that the predicted results are in good agreement with the experimental data. Therefore, the 
present LES method is suitable for simulating characteristics of fire induced and heat driven flows in shafts. 
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Fig. 3. Temperature distributions in the type A shaft. 
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Fig. 4. Temperature distributions along the center of the chimney for 
heat driven flow. 
3.3. Comparison of fire induced and heat driven flow patterns 
Figure 5 shows the simulated instantaneous temperature distributions of the fire induced and the heat driven flows at 
different time intervals in the type A shaft, which indicates the smoke or heat plume filling process. Although the flame or 
the heater is located at the central region at the bottom of the shaft, the instantaneous temperature distributions are not 
symmetrical. This is mainly due to the oscillating characteristics of the flow. It can be found that new vortices roll up 
continuously from the bottom of the fire plume due to combustion. This makes the fire plume much more unsteady, and the 
flame vibrates continuously. Compared with the heat driven flow, the development of the fire plume is much faster with the 
smoke plume filling time at about 6.4 s. On the other hand, the heat plume filling time is about 9.1 s. Besides that, the heat 
driven flow is much more stable, as it remains nearly laminar at the lower region of the type A shaft. At half height of the 
shaft, the heat driven flow becomes unstable due to the oscillating characteristics of natural convection. Compared with the 
fire induced flow, vibration frequency of the heat driven flow is rather low. This phenomenon is further explored from the 
velocity and the temperature distributions shown in Fig. 6 and Fig. 7. 
(a)                          (b)  
t=1.4 s   t=2.1 s   t=2.8 s     t=4.2 s    t=6.4 s                                                  t=2.3 s    t=3.2 s    t=4.5 s   t=7.2 s    t=9.1 s  
Fig. 5. Temperature contours in the type A shaft at the initial stage for (a) fire induced flow and (b) heat driven flow. 
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Figure 6(a) shows the vertical velocity distributions of the fire induced flow at the top of the type A shaft. At t = 69 s, the 
smoke flows out of the shaft on the right and the fresh air flows into the shaft on the left near the wall. At t = 71 s, the 
smoke flows out at the center of the shaft and the fresh air flows into the shaft on both the right and left sides near the wall. 
However, at t = 73 s, the smoke flows out the shaft on the left side and the fresh air flows into the shaft on the right side near 
the wall. During this short period of 4 seconds, the main flow of fire plume moves from the right to the left. For the heat 
driven flow shown in Fig. 6(b), the vibration process of the flow is from t = 75 s to t = 92 s, it takes 4 times longer than that 
of the fire induced flow. Compared with the fire induced flow, the hot gas flow intensity and the fresh airflow intensity are 
much smaller for the heat driven flow. Besides, for the heat driven flow, the volume of ambient airflow drawn from outside 
of the shaft is also smaller than that of the fire induced flow. 
(a)
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
 
 
W
 ( 
m
 / 
s )
x ( m )
 t=69 s
 t=71 s
 t=73 s
   (b)
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
-0.20
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0.20
0.25
0.30
 
 
W
 ( 
m
 / 
s )
x ( m )
 t=75 s
 t=84 s
 t=92 s
 
Fig. 6. Outlet velocity distributions in the type A shaft for (a) fire induced flow and (b) heat driven flow. 
Figure 7 shows the temperature distributions of the fire induced and the heat driven flows of the type A shaft. It indicates 
that the fire and the hot air plumes vibrate in the shaft at different times, resulting in vibrations of the main smoke flow and 
the hot gas flow at the exit of the shaft. Apart from the difference in temperature, the flow patterns showed by temperature 
distributions indicate that the fire induced flow and the heat driven flow are similar. 
(a)          (b)  
t = 69 s       t = 71 s       t = 73 s                                 t = 75 s       t = 84 s       t = 92 s  
Fig. 7. Temperature contours in the type A shaft for (a) fire induced flow and (b) heat driven flow. 
Flow patterns of the fire induced and the heat driven flows in four different shafts configurations are investigated. In type 
A shaft as shown in Fig. 8, the fresh air is entrained in the right hand side of the top opening with the upward smoke flow 
quickly, and most of the fresh air flow out of the opening with only a small portion flowing down to the bottom of the shaft 
to sustain combustion through secondary entrainment and diffusion. For the heat driven flow, the central upward flow 
region is relatively small and the vibration frequency of the heat plume is also much lower, resulting in more time and space 
for the fresh air to flow down to the bottom of the type A shaft.  
Figure 9 shows the mean velocity distributions of the fire induced and the heat driven flows in type B shaft. As there is 
only one vent located at the bottom of the shaft, the fresh airflow is drawn into the shaft at the lower part of the vent, and the 
hot gas or the smoke flow out of the shaft at the upper part of the vent. Compared with the fire induced flow pattern shown 
in Fig. 9(a), the heat driven flow pattern shown in Fig. 9(b) is relatively simple, having an upward flow zone and a 
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recirculation zone due to the effect of the exit vent. The flow pattern driven by the heater shown in Fig. 9(b) is quite 
different from the flow pattern as shown in Fig. 8(b). The opening conditions of the shafts have great influence on the flow 
patterns driven by the heater. However, in comparison of the fire induced flow pattern shown in Fig. 8(a) and Fig. 9(a), 
apart from the difference at the top and bottom regions of the shafts, the two flow patterns have almost the same features in 
the longitudinal section, even though the configurations of the shafts are quite different. There are two recirculation zones at 
the left and right regions of the shaft and there is a major upward flow in the central region of the shaft.  
  
Fig. 8. Mean velocity distributions in the type A shaft for (a) fire 
induced flow and (b) heat driven flow.   
  Fig. 9. Mean velocity distributions in the type B shaft for (a) fire 
induced flow and (b) heat driven flow. 
For the type C shaft, the flow patterns of the fire induced and the heat driven flows are very different as shown in Fig. 10. 
In Fig. 10(a), the fresh air is drawn from the left vent to maintain combustion and the flame is driven to the right side of the 
shaft, with the hot smoke flowing upwards along the right wall. When entrainment occurs, the hot smoke flow turns to the 
left and flows out the shaft from the left hand side at the top opening. For the heat driven flow as shown in Fig. 10(b), 
entrainment induced by the heater is relatively weak. While some of the fresh air flows out of the shaft directly along the 
left wall, there is very weak entrainment flow of the fresh air at top opening. Due to air drawn from the left vent, the heat 
plume is also driven to the right hand side of the shaft as shown in Fig. 10(b).  
                                                     
Fig. 10. Mean velocity distributions in the type C shaft for (a) fire 
induced flow and (b) heat driven flow.    
  Fig. 11. Mean velocity distributions in the type D shaft for (a) fire 
induced flow and (b) heat driven flow. 
For the type D shaft, the flow patterns of the fire induced and the heat driven flows have many similarities as shown in 
Fig. 11. As shown in Fig. 11(a), most of the smoke flows along the right side wall to the top and then turn left to flow out. 
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Compared with the heat driven flow shown in Fig. 11(b), the major difference is that the recirculation zone induced by the 
fire is much larger than that induced by the heater.  
4. Conclusions 
Fire induced and heat driven flows in typical shafts are studied numerically in this paper. The cut off turbulent energy by 
box filter is found to be small when comparing the SGS turbulent energy with the total turbulent kinetic energy. This 
indicates that the filter scale used in the present large eddy simulation study is reasonable. Predicted temperature 
distributions of the fire induced flow in the type A shaft are in good agreement with the experimental data. The predicted 
temperature distribution is also in good agreement with the measurements under the condition of the heat driven flow. The 
present LES method is capable of simulating the characteristics of the fire induced and the heat driven flows in shafts, and 
revealing the development of the flows from the very initial to the steady stage. 
Comparisons of the fire induced and the heat driven flows in four different shafts show that the flow patterns of the fire 
induced flow are more complex than that of the heat driven flows. The velocity of the fire induced flow is also higher than 
that of the heat driven flow. Opening configurations of the shafts have great influence on flow patterns. 
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